Fracture creates complex surfaces. The aim of this work was to characterize the irregular surface generated in the fracture of maltodextrin thick-agglomerates using gray level intensities and texture features extracted by digital image analysis. Results showed that particle size had no significant effect on texture features and had a significant interaction with load. A 50 N load caused rougher surfaces, while a 500 N load produced smooth surfaces. Obtained values of texture fractal dimension were not higher than 2.23 and were related to image entropy.
INTRODUCTION
Maltodextrins are used as ingredients in food-related systems and as agglomerating agents in pharmaceutical applications. [1] Maltodextrin is composed of β-D-glucose units linked by glycosidic bonds (β-1,4). This compound, when subjected to compression, forms brittle and rough agglomerates with cavities and pores [2] which are highly susceptible to breakage. [3] Breakage of food materials is a problem in the industry during storage and transport, and influence sensorial attributes. [4, 5] The fracture occurs when bonds between structural elements break, resulting in the modification of the morphology of the product in several scales. [6] The fracture behavior has been considered as an important feature to optimize food processes and the design of new products, [7] so that breakage has been assessed to understand and analyze food texture. [8] Texture and sensory features, such as crispness and crunchiness, have been related to the forcedeformation curve, peak force, and fracture points [9] and is an important quality attribute in food products since they influence smoothness, coarseness, and graininess. [10, 11] Texture is a parameter that has been traditionally measured by destructive techniques and rapid and non-destructive methods to measure texture need to be used. Digital image analysis (DIA) provides an adequate option to evaluate food quality texture. Image texture is defined as the distribution of gray level intensities of pixels in an image with relation to the spatial coordinates. [12] Pedreschi et al. [13] classified visual attributes of potato chips using pattern recognition from pixel information.
Complexity and non-homogeneity described as texture image of dried apple discs was evaluated with a computer vision method by Fernández et al. [14] The surface morphology of food materials after breakage has an irregular and complex texture which can be quantitatively characterized by a model-based parameter called texture fractal dimension (FDT). A fractal is an irregular object whose structural features appears the same, regardless the scale of observation. [15] Fractal dimension extracted from DIA has been widely applied to analyze the surface of several materials. [16, 17] Farrera-Rebollo et al., [18] found that fractal dimension was a good indicator of the bread crumb structure generated during baking. However, fractal dimension by itself does not describe how the image texture patterns fill the tri-dimensional space [19] and lacunarity has been used as a complementary parameter of the fractal dimension since it measures the spatial distribution of gaps from translational invariance in datasets at a given scale. High-lacunarity sets contain gaps of divergent lengths and can be used to asses heterogeneous textures. [20] Valous et al. [21] evaluated lacunarity through the gliding-box method in ham surfaces, demonstrating that this parameter is useful for characterizing the texture in gray scale images.
Evaluation of image texture by DIA is based on a second order statistical method that measures the probability p(i, j) of two neighboring pixels of having a certain intensity in a specified distance (d) and direction (θ) arranged in a gray level co-ocurrence matrix (GLCM). [22] Image entropy is a texture parameter based on this technique, which represents the disorder or randomness (i.e., recurrence of pixel pairs) of the image texture and is indicative of its complexity and heterogeneity. [23] Several studies have related entropy with food texture. [24] [25] [26] The analysis of the surface morphology of a food model represents an option to improve quality and processing conditions of food products. Recently, the breakage patterns of maltodextrin agglomerates and tortilla chips [27, 28] described the morphology of the top view image of the breakage profile; however, information of the morphometry of the transverse surface generated by the fracture is needed for the understanding of the geometry of the structure of the resulting fragments. The aim of this study was to characterizing the surface texture of the transverse section of maltodextrin agglomerate fragments by means of gray level intensity and texture features (fractal dimension, lacunarity, and entropy) extracted from DIA.
MATERIALS AND METHODS

Preparation of Maltodextrin Agglomerates
Thick maltodextrin agglomerates in the form of round tablets (13 mm diameter, 2 mm thickness) were prepared with a hydraulic laboratory press (Carver, USA) and a 13 ton die (PerkinElmer, UK) as reported by Meraz-Torres et al. [29] Two hundred grams of maltodextrin powder (moisture content: 7% w.b. and 20 DE) were sieved (53, 89, and 125 μm U.S. standard sieve series, W.S. Tyler Co., USA) to obtain three batches of defined particle size (PS) to prepare agglomerates in the form of tablets using conditions shown in Table 1 .
Experimental Design and Statistical Analysis
A completely randomized experimental design and a fully nested analysis of variance (ANOVA) were performed to evaluate the significance of the factors (Table 1 ) on the following response variables: Young's modulus and parameters used for the image texture analysis (gray level, fractal dimension, lacunarity, entropy). The effect of the factors on response variables was evaluated using main effects and interaction analyses. Statistical analyses were carried out with Minitab v.16 (Minitab Inc., USA) and SigmaPlot v.12 (Systat Softwares Inc., USA) softwares.
Breakage Tests
Maltodextrin agglomerates were subjected to bending-breakage with a compression and tensile testing machine (Instron, USA) fitted to a load cell and coupled to a probe schematically illustrated in Fig. 1 . The breakage tests were performed at 50 mm/min vertical descending speed. Young's modulus was estimated from the slope of the linear section of the stress-strain curve. [30] Fragments of agglomerates after breakage were collected for analyses.
Image Acquisition and DIA
Images of the transverse exposed section of maltodextrin agglomerate fragments were captured with a Stereo Microscope (Nikon, Japan) with 0.03 mm/pixel scale and 640 × 480 pixels resolution. A day-light lamp (Stocker & Yale, USA) was used to provide top illumination of samples. Images of the transverse surface were analyzed with ImageJ v.1.49q (National Institutes of Health, Bethesda, USA) software to evaluate: FDT, lacunarity, and image entropy. FDT and lacunarity were determined with the FracLac 2015Febb5810 plugin of the ImageJ software;
FIGURE 1 Geometry of the probe used for the breakage experiments (transverse perspective). ) which were not part of the probe's mark were cropped ( Fig. 2C ) from the adjusted image. Top and bottom sections (TS and BS, respectively) of probe's mark were extracted for the analyses. Finally, the gray level intensity was calculated for each pixel location in both cropped sections. The mean of the gray level intensity for each row ( Fig. 2D; i.e., 10 pixels that conforms the height of the cropped section) was reported.
FDT
FDT was calculated with the box counting method set to the differential option (FracLac 2015Febb5810 plugin), which approximates the slope of the log-log relationship between box sixe (r) and the difference in intensity of gray level (I). I takes into account the maximum and minimum values of the gray level intensity in a given space within a box. FDT was determined from the slope of the regression line as follows: [29] FDT ¼ lim
Lacunarity
The differential lacunarity method was used in this study with FracLac 2015Febb5810 plugin. Dong [32] introduced this method for gray scale images and is based on the gliding-box algorithm and the box counting method for calculating the fractal dimension. This method allows for analyzing the mass distribution in a deterministic or a random set as shown in Eq. (2):
where r is the size of the box (cubic shape), M is the mass distribution and Q(M, r) is the probability function. The mass M can be computed as the gliding-box moves with: where i and j are image coordinates and the relative height of the image is:
v and u represent the minimum and maximum pixel values in the gliding-box.
Image entropy
The disorder or randomness of the gray scale images (measured as image entropy) was evaluated through a GLCM, [33] using GLCM Texture plugin. Four directions of the texture image were used with: θ = 0, 45, 90, 180°and distance, d = 1.
[34] Thus, entropy was calculated as follows: [35] Entropy ¼
where p(i, j) is the probability of occurrence of two pixel gray values (i and j).
RESULTS AND DISCUSSION
Young's Modulus (E)
No significant differences (p > 0.05) were found for E-values of maltodextrin agglomerates with PS and compaction force (CF). However, significant differences (p < 0.05) were observed among groups with different loads. High values of E (0.57 ± 0.29 GPa) were obtained when applying 50 N load, while lower values of E (0.01 ± 0.03 GPa) were observed when using 500 N load on the agglomerates. It has been reported [34, 35] that E is a mechanical property of materials that depends on microstructure and composition. Low loads allowed larger deformations, resulting in a longer plastic behavior before the material was broken.
Image Texture Analysis
Gray level texture analysis
The applied load had an influence (p < 0.05) on the texture of the top section (TS) of the transverse zone of agglomerate fragments. When a 50 N load was applied, the gray levels of the pixels were lower than those with a 500 N load (Fig. 3A) . Materials subjected to a low load had more pixels toward black (darker surface; Figs. 4A1 and 4B1). Gray level intensity of pixels was between 0 and 255; 0 represents black and 255 represents white. The surface of the agglomerate fragments obtained as a consequence of a 50 N load had rougher texture than those obtained with 500 N load as given by the gray intensity values (Figs. 4A2 and 4B2 ). Darkness may be attributed to the shadows observed in lower zones of the agglomerate image. Dan et al. [36] found a similar result, in which the load affected the gray intensity of pixel distribution maps of broken crackers. PS of maltodextrin powder had no significant effect (p > 0.05) on the gray level intensity of TS of the transverse zone for greater PSs (89 and 125 µm; Fig. 3A) . Gray level intensity values ranged 125-135 and the surface texture was independent of PS of maltodextrin powder.
A significant effect (p < 0.05) of the CF was observed on the gray level intensity for TS of the transverse zone (Fig. 3A) . High CF caused a smoother surface texture, in which whiter pixels were observed. More compacted powder reduced the space among particles and less debris so forming a smooth surface. The effect of the CF on the porosity and tensile strength has been reported for granular hydroxyapatite powder; as compaction pressure increased, porosity decreased and tensile strength increased. [37] MORPHOMETRIC ANALYSIS OF FRACTURED AGGLOMERATES Pixel location in the cropped section of fragments affected gray level intensity of the image. Pixels closer to the probe mark (locations 6 to 10) were darker (i.e., lower gray level values) than distant pixels in respect to the edge of agglomerate (locations 1 to 5; Fig. 3A) . Location of pixels in the image depends on its orientation and the presence of shadows was a consequence of rougher zones resulting after probe impact. Figure 5A summarizes interactions among the factors for gray intensity level corresponding to TS. Both loads (50 and 500 N) affected gray level intensity value when interacting with PS = 125 µm. However, PS influenced pixel gray level intensity values when interacting with CF = 0.5 ton, whereas CF interacting with PS produced differences in pixel gray level intensity values for TS. Texture of the fragments was affected by load and CF and when PS = 125 μm, texture was modified. Use of interaction plots is not common in food science in spite that such plots aid understanding complex systems for optimization of products and processes. [38] Load had a significant effect (p < 0.05) on pixel gray level intensity of BS of the transverse zone, which was similar to behavior observed for TS (Fig. 3A) . When low loads were applied, texture of the transverse section became darker and rougher (Fig. 4C1) . Texture of TS and BS was affected by the applied load so that low loads caused rougher surfaces (Fig. 4C2) .
Results for BS of the transverse zone of fragments, showed that PS had no significant (p > 0.05) influence on gray level intensity. However, main differences (Fig. 3B ) in gray level values were given by PS = 125 µm. Transverse section of agglomerates prepared with PS = 125 µm presented a smooth surface (pixels with tendency to white). A similar analysis was carried out for apple tissues in which the porosity determined by DIA was associated to texture firmness. [39] CF used in the elaboration of the maltodextrin agglomerates caused a significant influence (p < 0.05) in gray level intensity values of BS of the transverse zone (Fig. 3B) . Pixel location of BS (as in the case of TS) affected their gray level intensity values. Pixels that were close to the probe mark (locations 1 to 5) were blacker than those at other locations, indicating a rougher texture. Tan et al. [40] found that statistical deviation of pixels of the cross section of a corn-extruded food preparation was related to sensorial perception of texture and was associated to changes in extrusion variables.
Figure 5B shows interaction plots among the analyzed factors for BS. Load and pixel location did not affect gray level intensity values when interacting with PS and CF. However, a significant interaction (p < 0.05) was found between PS and CF. PS affected the gray level intensity values of the pixels in BS when interacted to CF = 0.5. CF used on the preparation of agglomerates affected the gray level intensity values when PS = 89 µm. Table 2 shows mean FDT values for the analyzed factors. FDT values were not higher than 2.23 and were an indicator of the roughness and irregularity of the transverse surface of agglomerate fragments. A fractal dimension value in the range of 2-3 represents a surface have a tendency to fill a larger tridimensional space. According to the load used in the breakage test, no significant differences (p > 0.05) were observed for FDT. However, the analyzed cropped section affected significantly (p < 0.05) FDT, which had a higher value for BS which resulted in a more heterogeneous structure than for TS (Fig. 4) . High FDT values have been associated to sensorial perception of having a rougher texture. [41] On the other hand, PS did not have significant differences (p > 0.05) on FDT. The morphology of the transverse zone of fragments was independent of PS. A similar result was observed for CF ( Table 2 ). The morphology of the transverse surface of agglomerate fragments was not modified by PS or CF.
FDT
Lacunarity
Load and PS had no significant (p > 0.05) effect on lacunarity of the image (Table 2) . Similar results were obtained by Meraz-Torres et al., [1] which found that the fracture pattern created by the penetration of water into maltodextrin thick agglomerates had an influence on the homogeneity and symmetry of the surface. BS had lower lacunarity values and a higher symmetry was observed on the surface of the agglomerate fragment as compared to TS. BS was more homogeneous than TS, indicating that the irregularity of the surface was evenly distributed on the entire image.
MORPHOMETRIC ANALYSIS OF FRACTURED AGGLOMERATES
Image entropy
Irregularity and heterogeneity of the surface of agglomerates was also described by image entropy. Image entropy measures randomness or uniformity of the gray level values through the distribution of pixels. Load had no significant (p > 0.05) effect on image entropy (Table 2) . However, TS and BS changed the distribution of the spatial location of gray level intensity of the image significantly (p < 0.05). TS presented a higher entropy than BS (Table 2) and was associated to a large dispersion of different pixel intensity. A 500 N load and cropped section, significantly (p < 0.05) affected image entropy of the pixels (Table 2 ). This behavior can be related to FDT values, which also presented differences with the cropped section of the agglomerates. BS resulted in a smoother section than TS, thus showing lower image entropy. The complexity of images has been analyzed in fried snacks. [24, 25] Authors found that image entropy decreases as image become more homogeneous in color and texture.
PS and CF caused no significant (p > 0.05) effect on image entropy values. It is noteworthy that FDT also supported these findings (see "FDT" section). Colín-Orozco et al. [35] also reported that fractal dimension and image entropy described texture changes in fermented doughs. Texture features described the surface of the transverse section of maltodextrin agglomerates. FDT, lacunarity, and entropy characterized the surface as having a rough texture influenced by the location of the cropped section used for the image analysis.
It has been reported that breaking in surfaces of brittle food materials can be caused by previously existing cracks in the structure. [42] A crack will spontaneously grow if the differential energy released 
MORPHOMETRIC ANALYSIS OF FRACTURED AGGLOMERATES
during crack growth is larger than the stored energy. [43] The path that the crack will follow in the material depends on the cavities or pores, small defects, and structural weak points. [44] CONCLUSIONS Image texture analysis proved to be a useful tool for characterizing the surface of the structure of broken maltodextrin agglomerates. The morphology of the surface changed with the load applied for the breakage test and the cropped section by digital image techniques. FDT described a rougher texture with darker pixels in the image. The analyzed image texture features described the surface of the transversal section. FDT, lacunarity, and entropy characterized the surface as rough. FDT and image entropy described surface texture by gray level intensities. DIA is a suitable technique to detect differences in surface morphology as a result of a breakage process and can aid the assessment of the quality of brittle food-related products.
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